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ABSTRACT
MultiFunctional Structures (MFS) represent a paradigm shift over conventional spacecraft design methods resulting
in a considerable reduction in mass, volume, and cost. It involves the integration of multiple subsystems into the
structure, thereby providing space for high-performance payload options having higher weight. Thermal management
of MFS is catered to by incorporating a high thermal conductivity composite sandwich panel. This is achieved by
using high-thermal conductivity (HiK) face sheets made of pitch-based carbon fibers, and HiK core made of additively
manufactured Aluminum truss grid. The conduction through the panel is enhanced using a core fill that acts as a
thermal link between the face sheets. The bottom face sheet behaves like a radiator and dissipates heat to space. This
paper focuses on optimizing the thermal control subsystem to achieve the best thermal performance whilst minimizing
mass. Optimization is achieved by varying the geometry of the core fill, changing the type of thermal link between
face sheets, and exploring the thermo-optical properties of the bottom face sheet. The best designs showed a mass
reduction of 30% (volume extraction from core fill) and 78.9% (replacing core fill with copper heat pipe embedded
in aluminum plates) respectively, as compared to the conventional core fill. The solution was arrived at by using
Hierarchical Evolutionary Engineering Design System (HEEDS) Multi-disciplinary Design Optimization (MDO) in
conjunction with NX Modelling for CAD and NX Space System Thermal for space thermal analysis.
temperature of the MCM can be maintained within limits
using multiple control design strategies. However,
challenges were faced for the satellite itself to radiate the
overall heat load to space [2]. Therefore, along with
optimizing the thermal link between face sheets, efforts
have been made to identify the best solution for
dissipating the heat to the spacecraft’s environment.

INTRODUCTION
Small satellites comprise pico, nano, micro, and
minisatellites, ranging from less than 1kg to almost
500kg. The cost of manufacturing and launching the
satellites increases significantly with the size and weight
of the satellites. The multifunctional structure concept
addresses this concern by integrating various
subsystems, including the thermal control subsystem
(TCS), into the main composite panel structure. MFS
aids in the reduction of mass, volume, and cost by
replacing chassis, cables, and connectors with flexinterconnect systems. It promotes integrated system
design technology for spacecraft from inception. This
integration minimizes redundancies, while also
increasing complexity. A concurrent engineering
approach is believed to simplify this problem [1].

The paper on thermal management for multifunctional
structures showed that even when the electronic
components were miniaturized, the power remained
almost constant [3]. Consequently, the power density
had increased. An MCM with a maximum power of
11.9W was shown with multiple thermal control
strategies. Using that as a reference, a 12W heat load
acting on the sensor in the form of MCM was assumed,
for this paper. The sensor’s operating temperature limit
was assumed to remain the same as earlier. A literature
study revealed that the sensors used in the satellites
commonly have an operating temperature range of [-45,
+115] ℃ [4].

Background
The electronic heat-dissipating components in the form
of a multichip module (MCM) were mounted on the top
face sheet of the panel using thermal adhesive contact.
Thermal dissipation management through the years has
been conducted by incorporating thermal links between
face sheets. This paper focuses on optimizing those
thermal links.

Genetic algorithm (GA) is a widely used stochastic
optimization method. It is successful in obtaining global
optimum solutions but exhibits relatively poor local
search capabilities. Therefore, hybrid optimization
algorithms are preferred. The SHERPA (Simultaneous
Hybrid Exploration that is Robust, Progressive, and
Adaptive) search algorithm is an optimization algorithm
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that has hybrid capabilities and adaptive ability. Hybrid
capabilities refer to the simultaneous use of global and
local search methods. The adaptive ability refers to the
automatic adjustment of the participation degree of each
search method based on the evolving knowledge of the
search space.

Since spacecraft are subjected to extreme hot and cold
temperatures of the space environment, thermal
management and control are critical. The predominant
heat transfer in space occurs through conduction and
radiation. Passive thermal control strategies were
preferred to ensure that the components are within their
operating temperature limits. The thermal behavior for
this system was then enhanced using HiK CFRP face
sheets and incorporating a thermal link between the face
sheets. The bottom face sheet was assumed to be
involved in radiation heat exchange with the
environment. Therefore, to depict the MFS technological
concept behavior, only one panel of the entire satellite
was assumed for simulations and optimization in this
paper. The reference model for the same was obtained
from the paper on the development and design of
multifunctional composite structures for satellite
applications [7].

In comparison with the benchmark optimization
algorithms (GA, simulated annealing, non‐linear
sequential quadratic programming, and response surface
method), SHERPA was shown to be superior for both
efficiency and robustness [5]. Therefore, HEEDS MDO
software from Red Cedar Technology that uses the
SHERPA algorithm, was used for optimizing the thermal
control strategies. This paper involved integrating MFS
geometry created in NX CAD and simulated with the
Space System Thermal (SST) Solver of Simcenter 3D for
thermal analysis, with HEEDS MDO.
In the quest for the best design, optimization methods
tend to result in dramatic geometries. Additive
manufacturing has proven to be advantageous towards
such innovative designs, fabricating complex parts, mass
reduction and, in-situ production in space. Selective
Laser Melting (SLM) & Selective Laser Sintering (SLS)
are AM technologies suitable for aluminum alloys. AM
produces lightweight structures with enhanced thermomechanical strength at lower costs. Figure 1 shows an
example of SLS applied to aluminum-silicatemagnesium alloy powders to build the antenna support
for Earth observation satellite: Sentinel-1 [6].

Modelling
Panels A and B (as shown in Figure 2) with model
specifications as in Table 1 were used for comparison of
structures without and with thermal control strategies,
respectively. The core and solid block were modeled as
3D structures, whereas sensor and face sheets as 2D shell
elements with defined thickness.

Figure 2: Structure and electronic component without (left) & with (right) thermal control
Table 1: Model Specifications
Component

SYSTEM DESIGN
A composite structure panel was considered, the top face
sheet of which had sensor MCM mounted. The CFRP
face sheets were assumed to be made of Polyacrylonitrile
(PAN) fibers and the core with lightweight printed
aluminum lattice structure built using additive
manufacturing.
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Material

A

PAN fibers with epoxy

B

HiK - Pitch fibers
K13C2U/K1100 fiber
reinforced cyanate ester

Additively
manufactured
(AM) Core

A, B

Aluminum Truss grid

400 x 250 x 20

Electronic
component

A, B

Al 6061

60 x 41 x 0.5

Thermal link

B

Al block

60 x 41 x 20

CFRP
Face sheet

Figure 1: Antenna support - SLS manufactured
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Volume (mm3)

Panel

400 x 250 x 0.6
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The lightweight additively manufactured core was
assumed to have a relative density of 1% to aluminum.
This lattice core was a cellular structure and was roughly
assumed that the thermal conductivity scales with the
relative density (porosity) of the bulk aluminum material
thermal properties. CFRP laminate with pitch-based
carbon fibers has outstanding thermal properties as
opposed to PAN fibers [8]. A Hi-K face sheet was
assumed like K13C2U/K1100 fiber reinforced cyanate
ester composite which has a thermal conductivity
≥150Wm-1 K-1 [2]. The solid aluminum block behaved as
a thermal link (core fill) between the face sheets. The
thermo-physical and optical properties are summarised
in Tables 2 and 3.
Table 2: Thermo-physical properties [2, 9, 10]
Component
Material

Density
(kg m-3)

Specific
heat
(J kg-1 K-1)

Thermal
conductivity
(W m-1 K-1)

CFRP face sheet:
PAN fibers

1600

1130

5; 0.5; 0.5

Aluminum AM core

27

1600

1.5

Aluminum Electronic
component

2711

896

154

CFRP face sheet:
Pitch-based fibers

1600

1130

150

Table 3: Thermo-optical property [11]
Optical property

Solar absorptivity

IR emissivity

Black paint - bottom face
sheet

0.96

0.88

Figure 3: View from orbit normal (above); View
from sun (below)
Baseline Results
The baseline comparison of panels showed that the
electronic component’s maximum temperature reached
197℃ in Panel A, whereas with thermal control, it
reached 95℃ in Panel B. The design temperature limit
for the sensor was considered 100℃ by assuming a
thermal margin from the operational temperature limit
mentioned in the introduction. The thermal margin
accounted for the uncertainties, model simplification,
and usage of coarse mesh for timesaving. Hence, the
temperature of Panel B lied within the expected design
temperature limit, with a mass penalty of 133.4g. The
maximum temperature attained by Panel A without
thermal control, and with thermal control in Panel B are
displayed in Figures 4 and 5, respectively.

Simulation
Simulation objects in NX SST consisted of radiation
enclosure and orbital heating for only the bottom face
sheet exposed to the environment. Classical circular lowearth orbit was defined with an orbital period of 6180s,
altitude of 900km, and inclination of 95⁰. It was
simulated for the worst-case hot scenario with a
maximum solar flux of 1412Wm-2 [12], Earth’s albedo of
0.3 and Earth’s IR flux of 237 Wm-2. The radiative
environment was considered as 3K. The thermal
couplings between the sensor and the structure, and
within the structure itself, are also outlined as simulation
objects. The load container included a 12W heat load
acting on the sensor. A transient analysis using the
implicit integration method was conducted with 100 time
steps for 12 calculation positions of one full orbital
rotation. The orbital setup is pictorially represented in
Figure 3.
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SHERPA algorithm method under the weighted sum of
all objective parameter optimization was used. HEEDS
determines each design’s performance value based on
Equation 1, denoted by variables mentioned in Table 4.
A high-performance design is one that satisfies all
constraints and has a good rating on its objective [13].

(1)
Table 4: Equation variables and its definition
Variable

Definition
Number of objectives in the optimization study
Linear weight for the ith objective. Default value: 1

Figure 4: Maximum temperature without thermal
control - Views: Top (L), Bottom (R), Full, Section

ith objective sign. Value: -1 objectives being minimized,
+1 for objectives being maximized
For the Minimize and Maximize objective options, it is
the response value for the ith objective for that design.
i.e., it is the square of the difference between the
response value of the ith objective and the target value
for the ith objective divided by the norm.
Normalizing value for the ith objective
Quadratic weight for ith objective. Default value: 0
Number of constraints in the optimization study
Linear weight for the jth constraint. Default value: 0
Amount by which the jth constraint is violated. Value: 0
if constraint is met
Normalizing value for the jth constraint
Quadratic weight for jth constraint. Default value:10000

In HEEDS MDO, an objective was defined to help the
solver find solutions towards the intended direction. In
this case, the objective remained to minimize the mass of
the solid block. A constraint is a limitation applied to the
design that determines whether a solution is acceptable.
A design that meets all the specified constraints is termed
feasible, one that violates any constraint is called
infeasible, and the remaining ones are classified as error
designs. Two constraints were applied: mass <128g and
temperature < 96.4℃.

Figure 5: Maximum temperature with thermal
control - Views: Top (L), Bottom (R), Full, Section
OPTIMIZATION STUDY 1
The intention of optimizing the thermal control strategy
was to identify the least mass whilst maintaining the
same thermal performance as observed in the baseline
results. The first approach towards optimization
involved varying the geometry of the core fill. A certain
volume was extracted from the solid aluminum block by
creating through-thickness holes. The number of holes,
spacing between them, and diameter of the holes were
varied to find the best solution.
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The frame of reference for the optimization study is the
baseline design. For HEEDS to recognize reference
holes that had to be varied, the solid block was modified
to reflect few holes at the start of the optimization study.
Variables were the parameters whose values change
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from the baseline design and were used to create a new
design. They were each specified (along with their
permissible range) which determined the design space,
within which HEEDS searched for a feasible design. The
number of holes (count) varied from 3-10 with a step size
of 1 and the diameter of the holes varied from 2-3 mm
with 150 resolutions.

The optimal geometry as identified by HEEDS for the
core fill is as displayed in Figure 8. As observed, there is
no overlap in the holes and could be a feasible design for
manufacturing.

Results and Discussion
The optimization study was assigned 160 design
iterations that gave 149 non-error solutions (feasible and
infeasible) & 11 error solutions as indicated in Figure 6.

Figure 8: Model of the optimized core fill
The time evolution of all variables is shown in Figure 9.
The best design was identified at the 24th iteration
(marked with orange). Figure 10 shows the objective
history plot with a clear distinction among infeasible,
feasible, and all possible designs. The green line
indicates the path taken to arrive at the best design.

Figure 6: Design solution division
It was observed that the best design showed a 30%
reduction in mass while maintaining the sensor
temperature at 96℃. The parameters that led to the best
design were a count of 9 and, a hole diameter of 3mm.
Figure 7 shows the correlation plot of mass (varying in
size) with temperature (varying in color) for valid and
invalid designs. The best design is marked in yellow
indicating the resulting mass of 93.3g. The baseline
design used for this study is indicated in gray, although
has lesser mass, but is not feasible since the temperature
is suitable for manufacturing as the holes overlap. The 2
straight light blue lines indicate the constraints applied
to define feasibility. Therefore, the feasible designs are
the ones that are displayed below and to the left of the
blue lines.

Figure 9: History plot of variables

Figure 10: Objective history plot

Figure 7: Correlation plot of mass with temperature
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The parallel plot displayed in Figure 11 has all
constraints and variables in perspective with one another.
The yellow line displays the best design whereas green
lines indicate non-error designs. It is observed that the
best design is inclined towards lower mass, lower
temperature, higher hole count, and highest hole
diameter. The least mass shown in the parallel plot
relates to the highest temperature and, the hole count and
diameter of 10 and 3mm respectively, and therefore not
regarded as the best design.

The heat transfer in heat pipes is highly influenced by the
specific heat [14] of the working fluid it contains, i.e.,
water. The thermal conductivity usually spans from
10000 – 100000 Wm-1 K-1 [15]. Conservatively, the heat
pipe’s density was assumed to be of copper. The initial
dimensions of the heat pipe were considered after
researching the commonly available ones in the market.
Advanced Thermal Solutions, Inc. [16] have flat heat
pipe products and the one with the least dimensions
available 70 x 5.39 x 2 (mm3) was picked for the baseline
model of this study. The model specifications are shown
in Table 5. Heat pipe properties are specified in Table 6
and the remaining thermo-physical and optical
properties are the same as considered in Tables 2 and 3.
Figure 14 shows the cutout in the AM core to
accommodate the thermal link.

Figure 11: Parallel plot of constraints and variables
OPTIMIZATION STUDY 2
The second optimization technique was to replace the
type of thermal control strategy and thereafter find an
optimal design for the same. A new baseline model was
developed in NX for this study. Heat pipe was used in
conjunction with two aluminum plates, instead of an
entire block made of aluminum, as shown in Figure 12.
The core and the thermal link were designed as a 3D
structure. The remaining structural components were
modeled as 2D. A heat pipe combination of copper with
distilled water was chosen. The heat pipe parameters are
labeled in Figure 13.

Figure 14: AM Core model
Table 5: Optimization study 2- Model Specifications
Component

Material

Volume (mm3)

CFRP
Face sheet

HiK - Pitch fibers
K13C2U/K1100 fiber
reinforced cyanate ester

400 x 250 x 0.6

AM Core

Aluminum Truss grid

400 x 250 x 20
and subtracting the area
for the thermal link
(shown in Figure 14)

Sensor

Al 6061

60 x 41 x 0.5

Al Plate - Top, Bottom

60 x 41 x 3

Copper Heat Pipe

70 x 5.39 x 2

Thermal link

Table 6: Thermo-physical properties of heat pipe

Figure 12: Thermal link for study 2

Component
Material

Density
(kg m-3)

Specific heat
(J kg-1 K-1)

Thermal
conductivity
(W m-1 K-1)

Copper heat pipe

8940

4184

10000

Figure 13: Heat pipe parameters
Birthi
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CAD is an essential part of the design exploration studies
and its parameterization was conducted in the NX
Modelling tool. Typically, geometric variables of the
CAD model are defined as continuous variables in
HEEDS and will have a minimum and maximum value
for design variations. They are created to generate as
many valid designs as possible. Sometimes, it involves
deriving relationships between variables and introducing
additional parameters to enforce these relationships for
all possible designs. Investigating the possibility of
dependency of variables on one another leads to
minimizing or eliminating error designs. For this study,
CAD robustness through variable parameterization
ensured that HEEDS identified no error designs (Figure
15). It was crucial because any change in dimension of
the heat pipe had to reflect the dimension changes in the
surrounding core structure and the aluminum plates as
well. The established relationships and baseline values
and, assigned variable parameters and constraints
(HEEDS) are listed in Table 7. The simulation was
conducted using NX SST for the worst-case hot scenario
with all the environmental specifications as mentioned in
the system design section. The baseline results for this
study are also specified in Table 7.

Results and Discussion
Out of 150 iterations, the best design had a mass of
28.07g and a temperature of 92.8℃. The parameters that
led to this design were 26mm length, 3mm width, and
1mm thickness of the heat pipe while maintaining an
absorptivity of 0.1 and an emissivity of 0.98 for the
bottom face sheet. This caters to an overall length of
68mm of the heat pipe and 2mm total thickness of both
the aluminum plates. The mass of the best design is
78.9% less than the original thermal link. This design, if
required, will have to be customized for manufacturing
and might be expensive. It is also useful to note that the
baseline design of this study itself has a 66% mass
reduction when compared to the solid aluminum block.
If the mass penalty is acceptable, it can be readily
procured at a minimum cost.

Table 7: Parameterization
Baseline Parameters
Variables

Heat pipe
(HP)
dimensions
(mm)

Aluminum
plates
Cutout in
Aluminum
plate

Figure 15: Division of all design iterations
Assigned
Range
( in HEEDS)

Length

Total HP length - 70.
Length of cutout
within each Aluminum
plate - 28

26: 0.5: 34

Width

5.39

3: 0.01: 10

Thickness

2

1: 0.1: 5

Height

= Thickness (HP) + 1

Length1

= Length (HP)

Width1

= Width (HP)

Thickness1

= Thickness (HP)
= Length (HP)

The history plot of all variables is shown in Figure 16.
The best design was identified at the 11th iteration. It
was observed that the emissivity tends to lie towards the
higher side (depicted by dark blue line) whereas the trend
of the absorptivity was the opposite (green line).
Figure 17 shows the objective history of all designs and
their classification. The light green line demarcates the
feasible design solutions with the infeasible ones.
Yellow balls in both plots indicate the best design, which
tends towards the lower values of all variables other than
the emissivity. Baseline design parameters are indicated
with gray squares.

Variables as a
function of
heat pipe
dimensions

AM core Dimension1
section
Dimension2
surrounding
thermal link Dimension3

= Thickness (HP) + 1

Absorptivity

0.96

0.1: 0.01: 0.98

Emissivity

0.88

0.1: 0.01: 0.98

= Width (HP)

Baseline resultant values
Temperature

97.11℃

Mass of heat pipe and Aluminum plates

89g

Assigned Constraints

Birthi

Temperature

< 98℃

Mass of heat pipe and Aluminum plates

<70g

Figure 16: History plot of variables
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CONCLUSIONS
HEEDS intelligently expedites the design optimization
process. It dynamically acclimatizes to the problem
statement and evolves by learning within the design
space iteratively without human intervention. The most
crucial prerequisite for the algorithm to perform
successfully is to ensure CAD robustness through
parameterization. TCS was applied to the MFS
technological concept, and optimization studies were
performed to identify the least mass with similar thermal
performance. The optimization studies show a 30%
reduction in mass for the best design when compared to
a solid block by varying its geometry. However, the best
strategy was ascertained by replacing the solid block
with the thermal control using a heat pipe embedded in
the aluminum plates. The optimal design for this study
showed a phenomenal improvement of 78.9% reduction
in mass when compared to the original solid block.
Hence, the MDO tool helps to refine control strategies
by exploring multiple possibilities of design solutions.
The data visualization from these results also helps to
weigh several choices with the best-ranked designs, and
make an informed decision based on various factors such
as manufacturing ability, time, and cost.

Figure 17: Objective history plot
It is observed from Figure 18 that all the best-ranked
designs have the mass, the length of the heat pipe
embedded in the aluminum plate cutout, width, and
thickness of the flat heat pipe as the same as the best
design. However, the temperature varies from 92.8 –
97.7℃. This is due to the different combinations of
thermo-optical properties which are quite evident from
the parallel plot in Figure 19. The highest absorptivity
corresponds to the higher temperature and vice versa. It
can also be noticed that the baseline design has a lesser
temperature than few other designs even with higher
absorptivity. This is because its mass is twice that of the
other designs.

Further Work
Several other strategies can be incorporated to identify
better solutions using MDO. Optimization 1 study can be
explored further by changing the parameterization to
reflect all geometric possibilities. For example: square,
rectangular, elliptical, and other shapes for cutouts in
place of circular holes. Tapering holes or through holes
until a certain depth instead of through-thickness can be
experimented with as well. The optimization study for
least mass might result in unconventional geometries (as
shown in Figure 20) that can be easily manufactured with
additive manufacturing techniques as discussed earlier.

Figure 18: Parallel plot of constraints and variables

Figure 19: Comparison of best ranked designs with
baseline design
Birthi

Figure 20: Unconventional design geometries
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The thermal conductivity of the structural components
can be explored to check for improvement in design. If
numerous multi-chip modules are mounted on the panel
dissipating different amounts of heat, its location can be
optimized in relation to one another for thermal
management. From the optimization studies already
executed in this paper, feedback can be taken for the
simulation of worst-case cold scenarios to finalize the
thermo-optical properties of the structure exposed to the
space environment. However, the requirement of
thermal management for the system will only be known
after the layout of the satellite is finalized. Subsequently,
appropriate control strategies can be selected, optimized,
and employed.
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